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The resonant interaction of electrically excited travelling surface acoustic waves and magnetization
has hitherto been probed through the acoustic component. In this work it is investigated using
time-resolved magneto-optical detection of magnetization dynamics. To that end, we develop an
experimental scheme where laser pulses are used both to generate the acoustic wave frequency
and to probe magnetization dynamics thus ensuring perfect phase locking. The light polarization
dependence of the signal enables to disentangle elasto-optic and magneto-optic contributions and to
obtain the in-plane and out-of-plane dynamic magnetization components. Magnetization precession
is proven to be driven solely by the acoustic wave. Its amplitude is shown to resonate at the same
field at which we detect piezo-electrically the resonant attenuation of the acoustic wave, clearly
evidencing the magneto-acoustic resonance with high sensitivity.

I. INTRODUCTION

Recent years have witnessed a renewed and growing
interest in the use of acoustic waves to excite spin waves
as an alternative, fast, efficient, and heat-free means
to generate and control (possibly coherently and re-
motely) information in magnetic materials' . Magne-
tization switching® 7111216 and parametric excitation
of spin waves®!? have for instance been demonstrated,
thus opening new opportunities for applications. The ef-
ficiency of acoustic waves relies on magneto-elastic cou-
pling that occurs in magnetostrictive materials. Electri-
cally excited surface acoustic waves (SAWs), with typ-
ical frequencies up to the GHz range are particularly
well suited to excite magnetization dynamics in ferro-
magnetic magnetostrictive layers. Their interaction was
evidenced using piezo-electric detection of SAW-induced
ferromagnetic resonance (SAW-FMR)!4: the SAW am-
plitude and velocity resonantly decrease when the spin
wave frequency is varied across the SAW frequency by
an applied magnetic field. However, spin waves have not
been concomitantly observed. Time-resolved detection
of magneto-optical effects using probe laser pulses indeed
could provide a direct and very sensitive method to access
magnetization dynamics'”. This requires a non-trivial
synchronization of the electrical SAW generation with
probe laser pulses. Until now this difficulty has been by-
passed by utilizing fairly cumbersome synchrotron X-ray
radiation'®. However no resonant magnetization dynam-
ics have been observed .

In this article, we demonstrate optically the forced
magnetic precession induced by travelling SAWs. To
that end, we implement a table-top set-up to generate
SAW bursts electrically using interdigitated transducers
(IDTs) with perfect phase locking to laser pulses,
which enables the optical investigation of time- and
space-resolved magnetization dynamics excited by the
SAW. We illustrate the potentiality of this technique

using a ferromagnetic semiconductor layer of GaMnAs
on piezoelectric GaAs, taking advantage of its low
FMR frequency which is easily tunable across the SAW
frequency, and its sizable magneto-optical effects. Using
the probe light polarization and the magnetic field
dependencies of the time-resolved signal we separate
the magneto-optical from the pure elasto-optical con-
tribution. The in-plane and out-of plane magnetization
dynamical components display the dependencies on
the magnetic field expected from the SAW-induced
torque acting on the magnetization'®2°. Finally,
we show that resonant magnetic excitation appears
concomitantly with resonant SAW absorption, the de-
tection of the former being more sensitive than the latter.

II. EXPERIMENTAL SETUP

SAWs such as Rayleigh waves are easy to implement
and thus find applications in various fields of soft and
condensed matter physics?!"24. With frequencies up to
the GHz, their dynamical strain components are confined
within a few pm from the surface, and can thus efficiently
interact with a magnetic layer on a substrate. SAWs can
be generated either optically via thermoelasticity®19:13:25
or electrically via the piezoelectric effect using IDTs26:29.
The simplest IDT consists of two comb-shaped electrodes
in zipper configuration that work as capacitors on a
piezoelectric surface. When a radio-frequency (RF) volt-
age at fsaw is applied, SAWs are generated and prop-
agate on either side of the IDT. The wavelength Agaw
of the excited SAW is determined by the period of the
electrode teeth. Frequency and wavelength are related
by Asaw = f;}fw where vy is the Rayleigh velocity.
Typical Agaw values are around a few microns. The
strain components excited with the IDT are: longitudi-
nal €45 ( || ksaw), transverse €., (z perpendicular to




the surface) and shear ., (negligibly small close to the
surface)?S. In more sophisticated IDT architectures it is
possible to excite overtone harmonics of the fundamental
frequency, such as the split-52 design®”, which is used in
this work. Optical time-resolved measurement of mag-
netization dynamics requires a fixed phase between the
laser pulses and the acoustic bursts. The most common
solution is a phase-locked loop2?®. The ‘master’ clock im-
poses the repetition rate of the ‘slave’ laser. The laser
cavity length is continuously adjusted in order to meet
the set frequency. We propose a simpler, elegant, and
low-cost alternative approach where fgsaw is built from
the laser repetition rate thereby ensuring a stable phase
lock. Two research groups have very recently reported
independently similar synchronization methods'®2°.

In order to generate the SAW RF frequency, a small
fraction of a Ti:Sapphire laser at ~75 MHz repetition
rate (fr) was directed to a Silicon photodiode (Thor-
labs PDA10A-EC, bandwidth 150 MHz) to pick up the
laser fundamental frequency (Fig. 1(a)). Using differ-
ent RF multipliers, multiples of the laser frequency were
then generated: n fr, where n = 2,4, 6, 8. To ensure
that n fr, is free of any harmonics, the signal was filtered
with 50 dB rejection band pass filters. The signal level
was adjusted with a linear 40 dB amplifier and a set of
attenuators.

The larger fraction of the 130 fs laser pulses (wave-
length 722 nm) was sent to a pulse selector (Fig. 1(a)).
The repetition rate was reduced by a factor 300 to fre, =
250 kHz. This beam was used to probe the magnetization
and strain dynamics in a time window of 12 ns controlled
with a motorized optical delay line stage.

As we shall see hereafter the IDT needs to be fed with
a pulsed RF signal. In order to fabricate these pulses
the n f CW RF signal was mixed with a 400 ns-wide
rectangular pulse train from a pulse generator (Keysight
81150A) at the pulse picker frequency f., thus ensuring
that both the envelope frequency and the RF frequency
of the SAW are commensurate with f;. With the pulse
generator we could modify the burst duration and its
arrival time (electronic delay) to the transducer. The
‘edge-to-reference’ jitter3” defined as the timing variation
between the rising edge of the rectangular pulse and the
optical pulse shows a standard deviation ¢ = 13.1 ps
comfortably below 1% of the highest SAW period.

The linearly polarized laser pulses at f,., were focused
on the sample surface with a long working distance ob-
jective lens with numerical aperture 0.4. The laser beam
reflected off the sample traveled through the same objec-
tive. The polarization rotation induced by the dynam-
ical magnetization and strain components was detected
by a balanced optical bridge relying on magneto-optical
effects!”3! and the photo-elastic (PE) effect?%, respec-
tively. The bridge output was demodulated by a lock-
in amplifier at the frequency of a mechanical chopper
fen=541 Hz inserted on the laser beam before the slow
photodiode (Fig. 1(a)), i.e. modulating the excitation
SAW. Polarization rotations as small as 0.1 purad can rou-

tinely be measured.

The sample was a 45 nm thick, in-plane magnetized
Gag.g5Mng g5As layer on a (001) GaAs substrate, an-
nealed for 16 h at 200°C, with a Curie temperature
Te = 120 K. It was placed in an Oxford MicroStat HiRes
cryostat that ensures the required mechanical stability
and optical access. The GaMnAs layer has a strong uni-
axial magnetic anisotropy with the easy axis along [1-10]
and exhibits a large magneto-elastic coupling'®. An in-
plane magnetic field aligned with the hard axis [110] was
applied to decrease the precession frequency and make
it cross the SAW frequency. A 2x2 mm? square mesa of
GaMnAs was prepared by chemical etching. At two op-
posite ends a set of 42 nm thick Aluminum IDTs with
1 mm aperture were deposited on the GaAs (Fig. 1(a)).
In order to provide efficient operation of the IDTs even
when varying the temperature (given the temperature
dependence of vg(T)) and to achieve a compromise be-
tween excitation efficiency and bandwidth, the IDTs were
designed as 25 pairs of split-52 electrodes. With a digit
width and inter-digit spacing of 1.9 nm, the fundamental
period was Agaw =19 pm. This ensured that the wave-
length of all excited SAW frequencies was substantially
larger than the laser spot diameter (full-width at half
maximum of about 1 pm). The RF voltage applied to
the IDT triggers the propagation of a SAW along the [1-
10] axis. The RF power was set to 25 dBm for most data
presented here. We used the second IDT to detect the
SAW electrically by the inverse piezoelectric effect after
it had travelled d = 2.03 mm along the layer surface.
Figure 2 presents an oscilloscope trace of the recorded
signal (red line). The first 400 ns burst is the electro-
magnetic radiation. It travels with the speed of light
and appears immediately at the receiver. After around
tirans = % = 730 ns the acoustic echo arrives (vg 22780
m s~!). The pulsed RF allows to separate in time the
electromagnetic radiation and the acoustic echo. The
risetime of the acoustic echo is defined by the IDT geom-
etry, the SAW velocity, and the burst duration?®.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the time-resolved polarization ro-
tation (TRPR) at 60 K for excitation SAW frequencies
151, 301, 452 and 602 MHz as a function of the opti-
cal delay. The frequency of the detected signals matches
exactly the excitation frequency. The amplitude of the
signal varies with the magnetic field up to T¢, above
which we observe only a field independent signal. This
proves that the TRPR signal contains both a magnetic
(field-dependent) contribution and a non-magnetic one
arising from the elasto-optic effect.

In order to prove that the optically detected dynamics
is indeed triggered by the SAW we monitored the am-
plitude of the TRPR signal at various delays after the
beginning of the the RF burst by setting an electronic
delay AT between the electric excitation and the optical
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FIG. 1. (a) Schematics of the experimental set-up, (b) Time-resolved polarization rotation signal for four SAW frequencies
(vertically off-set for clarity). The probe polarization was set at 60° with respect to ksaw. The applied magnetic field was

19.5 mT. The temperature was T=60K.

pulse probe (Fig. 1(a)). First the probe beam was set at
100 pm from the receiving IDT (1.9 mm from the emit-
ter, open circle in the sample scheme of Fig. 2). The
open circle symbol curve represents the amplitude of the
TRPR oscillations versus the electronic delay. It has the
same shape as the acoustic echo and peaks slightly before
the arrival of this echo on the receiving IDT, in agree-
ment with the location of the detection spot. Then the
probe beam was positioned 67 pm from the emitter IDT
(full circle in the sample scheme of Fig. 2). The full
circle curve represents the amplitude of the oscillations
versus the electronic delay. It also has the same shape
as the acoustic echo and is detected earlier, in agreement
with the position of the detection spot. The 20% burst
amplitude decrease from one burst to the other can be
directly correlated to the loss of acoustic amplitude via
magneto-elastic interaction, as will be seen further (Fig.
4(g)). For both spot positions, no signal is observed at
the arrival time of the electromagnetic radiation. These
results show that the TRPR signal is indeed generated
by the SAW.

In order to disentangle the magneto-optic and the
elasto-optic contributions in the TRPR signal we analyze
the dependence of the signal on the probe light polar-
ization and the applied magnetic field. The elasto-optic
effect gives rise to a dynamic birefringence with axes par-
allel and perpendicular to the SAW wavevector kgaw .
The resulting rotation of linear polarization is propor-
tional to the Py component of the elasto-optic tensor
of the cubic GaAs and the ¢, strain component3?734. It
does not depend on the magnetic field. Besides we expect
the contribution from two magneto-optical effects!™3! :
the polar magneto-optical Kerr effect (PMOKE) sensitive
to the out-of-plane dynamic component of the magneti-
zation 96 and independent of the incoming polarization
and the (weaker) Voigt effect (magnetic linear dichroism
(MLD)) sensitive to the in-plane dynamic component of
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FIG. 2. Time-domain signal detected electrically (red solid
line) by an oscilloscope, and amplitude of the optically de-
tected TRPR oscillations (circles) as a function of the elec-
tronic delay. TRPR was measured in two places on the sam-
ple (open and closed symbols on the scheme). The crossed-
circle symbol indicates where the optical SAW-FMR data
shown in Fig. 4(h) was taken. The surface amplitudes of
the excited SAW strain components are e,, = 4.8 x 107> and
€, = 2.2 x 107° estimated following the procedure described
in ref.!®. The SAW frequency is 452 MHz, the applied field is
poH =20 mT, the polarization angle is =30 deg.



the magnetization d¢ and to the field-dependent in-plane
equilibrium orientation of the magnetization ¢o(H). The
TRPR signal can therefore be expressed as!7-26:31;

0 = K60(H,t) +2Vip(H,t) cos (2 (8 — ¢do(H)))
+ Ppeea(t) sin28 1)
= K60(H,t) +2VIp(H,t) cos2¢9(H) cos 2
+ (2Vdp(H, t) sin2¢o(H) 4+ Prega(t)) sin25(2)

where B is the angle of the probe polarization with
respect to ksaw, K and V are the Kerr and Voigt
magneto-optical coefficients, respectively, and Prp =
Re (n®Pyy/(n? — 1)) is the elasto-optic coefficient with
n the refractive index. Indeed the experimental TRPR
signal shows a clear dependence on the probe polarization
(Fig. 3(a)) and on the magnetic field (Fig. 3(b)). For
each time and field value, the signal is fitted as a function
of B by 08 = Fy+G cos 23+ Hy, sin 23. The resulting fit
is very good as seen in Fig. 3(b). The offset that appears
under the application of a magnetic field pugH =6 mT is
related to the PMOKE signal Fy = Kd&6. The change of
the phase is a good indication of the presence of MLD.
The resulting Fp, Gy, Hyg. time-dependent functions are
then fitted by sinusoidal fonctions at frequency fsaw in
order to extract the field-dependence of their amplitudes
fo, 9o, hee, respectively. We have fy = Kd§0y(H) and
9o = 2V o¢o(H) |cos2¢¢(H)| where 66y and d¢g are the
amplitudes of the oscillating 60(¢) and d¢(t), respectively.

In Fig. 3(c) we plot the amplitudes fg, gy, hoe as
a function of the applied field. The amplitude of the
PMOKE signal fy (black curve) increases progressively
to reach a maximum at 22.5 mT and then drops to zero.
The MLD component g, (red curve) shows a different
behavior with two maxima and a zero at pugH=16 mT.
The hg. component reflecting a combination of PE and
MLD (green curve) has a broad maximum and a clear
40 prad offset owing to the field-independent elasto-optic
effect.

To demonstrate that the physics of the magneto-elastic
coupling is responsible for the experimental observations,
the magnetization dynamics is modelled in the frame-
work of the Landau-Lifshitz-Gilbert equation including
the driving torque generated by the SAW?2C. When
the SAW is travelling along [1-10] the torque is mainly
driven by the e, strain component'®. We use the
sample magnetic parameters (magnetization and mag-
netic anisotropy) obtained from vibrating sample mag-
netometer and cavity-FMR experiments. The calculated
amplitudes®® of the magneto-optical signals fp and g,
(Fig. 3(d), black and red curves, respectively) show
a peak around 25 mT, corresponding to the resonance
condition of equal precession and SAW frequencies at
fsaw = 301 MHz. The g, amplitude (red curve) goes
to zero at a field such that the static magnetization is
at 45° of the easy axis (cos2¢y = 0). The baseline for
hee is given by the PE effect that does not depend on
the magnetic field. As seen from the comparison of Fig.
3(c) and (d) a good quantitative agreement between ex-
perimental and calculated fs, g¢, hge curves is obtained.
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FIG. 3. Polarization and field dependence of the magnetiza-
tion and strain dynamics for fsaw = 301 MHz at T= 60 K.
(a) TRPR signal for six polarization orientations as a func-
tion of the optical delay for uoH= 6 mT. (b) TRPR at fixed
time delay (cross section of Fig. 3(a), green dashed line) ver-
sus probe polarization for two field values. (c) Field variation
of the three components fg, ge, hge related to polar Kerr ef-
fect (B-independent), MLD (cos2f term) and mixed PE/MLD
(sin2B term), respectively, at fsaw =301 MHz. (d) Calculated
amplitudes of fa, g¢, hee; the parameters are K=18 mrad,
V=0.8 mrad, Pp=0.77 rad with e, = 5.3107°. The Gaus-
sian distribution on the in-plane anisotropy constant has a
standard deviation equal to 12 % of its mean value.

To account for the amplitude and width of fy, g, Ree
we had to introduce a dispersion of the uniaxial in-plane
magnetic anisotropy constant that is known to be cru-
cial for SAW-induced magnetization dynamics'®. These
results show that we are able to disentangle the different
contributions in the optical polarization signal and to
accurately extract the dynamical magnetic contribution.
They provide the first direct, time-domain detection of
magneto-acoustic resonance induced by electrically gen-
erated propagating SAWs. Note that the resonant cou-
pling of optically generated stationary SAWs with mag-
netization had been previously evidenced by Faraday ef-
fect in nickel®'%13, In our system, the presence of Kerr
and Voigt effects moreover gives access to both the in-
plane and out-of-plane dynamical magnetization compo-
nents.

In order to compare the sensitivity of the magneto-
optical signal detection and the SAW amplitude detec-
tion after propagation along the layer, we show in Fig. 4
the PMOKE component fy (out-of-plane magnetization
dynamics) and the variation of the electrically detected
SAW amplitude (through the receiving IDT) as a func-
tion of the applied magnetic field for the four SAW fre-
quencies. The PMOKE data (top panel of Fig. 4) were
normalized by the measured PE level (field-independent
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FIG. 4. Top panels: Field dependence of the PMOKE signal (

out-of-plane magnetization dynamics) normalized by the field-

independent photo-elastic signal for four SAW frequencies at T=60 K. Bottom panels: variation of the SAW amplitude with
the magnetic field measured by acoustic-to-electrical conversion at the receiving IDT and in (h) normalized PE signal detected
on GaAs in between the GaMnAs mesa and the receiving IDT (see crossed-circle symbol in the schematics of Fig. 2), with
a polarization angle =45 deg. The amplitudes of excited SAW strain components are estimated as e, = 5.3 x 107° and

€22 = 1.8 x 107° at fsaw=301 MHz (they are slightly differ
regime).

baseline of hy.) in order to correct for slightly different
SAW amplitudes. For each frequency we observe a clear
and strong peak of the PMOKE curve at the resonance
field (which has close values for the four frequencies be-
cause of the steep variation of the FMR frequency with
the field!®). The electrically detected SAW amplitude
(bottom panel of Fig. 4) is a rather noisy signal at 151,
301 and 452 MHz, with a much smaller dynamical range.
At foaw = 301, 452, and 602 MHz, it shows a dip at
the same field as the peak of the corresponding PMOKE
signal. The dip is more pronounced at the higher fre-
quency of 602 MHz as expected from the increase of
the absorbed SAW power with the SAW frequency!16.
The dip is however not detectable at fgayw = 151 MHz
whereas the PMOKE peak is clearly detected. We also
plot in Fig. 4(h) the amplitude of the photo-elastic sig-
nal detected on GaAs, in between the GaMnAs mesa and
the receiving IDT (crossed-circle symbol in the scheme
of Fig. 2), normalized by its low-field value. The data
was taken for an incoming beam polarisation of 45 deg,
which maximizes the strain-induced birefringence. Its
field-dependence is similar to that of the electrical signal
(Fig. 4(h)) in shape and amplitude. These results show
the much larger dynamical range and sensitivity of the
magneto-optical SAW-FMR signal, because it is detected
on a zero background, with respect to electrical or opti-
cal signal of the SAW amplitude variation, detected on a
non-zero background.

IV. CONCLUSION

We have developed a sensitive time-domain optical
technique to investigate the magneto-elastic coupling be-

ent at other frequencies but low enough to stay in the linear

tween piezo-electrically generated travelling SAWs and
magnetization in ferromagnetic layers at variable tem-
perature. The time-resolved magnetization precession
was clearly proved to originate from the magneto-elastic
coupling with the SAW and shows a resonant behav-
ior at equal SAW and precession frequencies. Compared
to the detection of the SAW attenuation, the magneto-
optical time-resolved SAW-FMR signal is more sensitive
and provides a better signal-to-noise ratio. The detec-
tion threshold of the time-resolved signal is mainly gov-
erned by the convolution of the SAW wavelength and
the laser spot size w. As such, magnetization precession
could still be observed at fsayw =900 MHz, for which for
Asaw ~ 3w. Working at higher SAW frequencies (above
1 GHz) will require a tighter focusing of the laser spot,
either by working at higher photon energy (keeping a
decent Kerr signal) and/or by increasing the numerical
aperture of the focusing objective (keeping a good lin-
ear polarization). More generally, we believe that this
approach, combining high space/time sensitivity and ac-
cess to the two components of magnetization will find
a wider use in any experiment requiring the synchro-
nization of a radio-frequency electrical stimulus with the
ultra-fast optical detection of the magnetic effects it in-
duces, and should benefit broadly the magnetization dy-
namics community. Applied to magneto-strictive materi-
als, this technique opens the way for a deeper insight into
the magnon-phonon coupling and the exploration of the
nonlinear regime of acoustic-wave induced magnetization
dynamics. Since electrically generated SAWs are a well-
mastered technology in microelectronics, SAW-induced
magnetization control could be readily implemented in
logic or memory devices, with the unprecedented possi-
bility to use wave physics tools such as focusing, diffrac-



tion, and wave-guiding to address a magnetic bit.
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